We report a new dynamic scaling ansatz for systems whose system size is increasing with time. We apply this new hypothesis in the Eden model in two geometries. In strip geometry, we impose the system to increase with a power law, L ∼ h a . In increasing linear clusters, if a < 1/z, where z is the dynamic exponent, the correlation length reaches the whole system, and we find two regimes: the first, where the interface fluctuations initially grow with an exponent β = 0.3, and the second, where a crossover comes out and fluctuations evolve as
Introduction
Patterns formation has been investigated in detail [1, 2] . One of the basic ingredients in the study of patterns involves the development of a mathematical model. These models frequently contain simplifying hypothesis and may account well for underlying mechanisms of pattern formation [2] . Numerical discrete models have played an important role in the study of growing surfaces [3] . In this way, numerical simulations represent a good link between theory and experiments, and it could be expected that discrete models allow to separate essential ingredients from the unnecessary ones [3, 4] .
In particular, under certain conditions patterns grow compact with fluctuations in the interface. Eden model is the paradigmatic discrete model of these compact clusters. This model was introduced by M. Eden to simulate the formation of cell colonies [5, 6] . There are three versions of this model which differ in specific microscopic details. Versions A and B, defined in the paper of Eden, have strong finite size effects. Version C, proposed by Jullien and Botet [7] , shows better statistical properties. Eden model can be studied in two different geometries: linear and circular. In the first one the initial substrate is flat with periodic boundary conditions in the lateral directions. The main advantage of this configuration is that the system size is fixed during all the growth process. In fact, classic dynamic scaling hypothesis assume a fixed size. In circular geometry, the initial seed is a minimum set of points of the lattice. The growth is radial and consequently the system size is increasing during the process. Previous works have obtained some of the critical exponents in both geometries [8] .
The statistical properties of surface fluctuations of Eden model are studied in the framework of dynamic scaling [9] . These fluctuations can be characterized by means of different functions: power spectrum, S(q, t), global width function W (L, t), height-height correlation function, G(l, t) and local width function, w(l, t), where L is the system size and l is a local length. From these functions behavior we can obtain a set of critical exponents: global, local and spectral roughness exponents, α, α l and α s , respectively, growth exponent, β, and dynamical exponent, z [10] . A scaling law links α, β, and z as, z = α/β. These exponents allow us to obtain a universal scaling function governing the dynamic behavior: performing an adequate rescaling (normalization) with the critical exponents, all the functions fall onto a single curve, so-called "collapse", supporting the validity of the scaling behavior. Using the global width, W (L, t) the Family-Vicsek scaling hypothesis reads [9] :
and the universal scaling function is written as follows:
In order to characterize the universality of the growth dynamics one should obtain the set of critical exponents and then, should perform the collapse to obtain the selfconsistent universal scaling function (i.e., recovering the correct exponents). Ramasco et al. [10] proposed the generic scaling hypothesis using power spectrum. This complete characterization has not yet been done in the Eden model.
In this paper we study an Eden model type C in a linear geometry where the system size is increasing with an imposed growth law. We introduce this increasing geometry as a comprehensive link between fixed linear geometry and circular increasing geometry. Our main goal is to perform the collapse of the power spectrum and the global width function of growing systems. Furthermore, we propose a new ansatz to explain the behavior of global width function. Finally, we compare our results with a circular Eden model.
Numerical simulations
We have performed numerical simulations of the Eden model type C in 1 + 1 dimensions in a square lattice following this scheme: one site of the active perimeter, defined as the set of cluster sites with at least one empty nearest neighbor, is chosen at random and then one empty nearest neighbor is also chosen at random to grow. The active perimeter is redefined every time when a new particle is added.
To compare circular and strip geometry the growth time, t, must be replaced, in appropriate units, by an effective height, h, defined as h = N/L, where L is the system size and N is the number of added particles [7, 11, 12] .
In growing strip geometry, the initial stage consists of L 0 columns of unit height. Clusters are grown with periodic boundary conditions, and the system size, L, defined as the number of columns, is changed by following an imposed law. We have used the same evolution rule as the correlation length, i.e., a power law, in order to study the competition between these two main length scales. We have imposed L = L 0 · h a , where a (system size exponent) is the control parameter. The standard fixed-size strip corresponds to a = 0. Linear evolution of radius in circular patterns is a particular case of this power law with a = 1. In each step, when L < L 0 · h a the system size is increased by one, adding a new column. The height of this new column is the same as in the last neighbor column. We have studied different rules for the height of this new column and the results do not show any significant statistical difference. Once a new column is added, the active interface is redefined by taking into account the periodic boundary conditions. Linear Eden clusters were grown with different initial system sizes, L 0 , from 4 to 1024. The simulations were finished when the number of added particles N ≥ 10 8 or the system size reached L ≥ 2 16 .
In order to obtain the critical exponents and the scaling function for Eden clusters we analyze the global width function, computed as
, where h is the average height and · denotes average over realizations, and the power spectrum of the interfaces. The slope of log (W (L, h)) vs log(h) determines the growth exponent β, and the power spectrum provides the global roughness exponent α, which will be used to obtain the collapsed curve, i.e., the scaling function.
Results
In order to test these analysis we have also performed numerical simulations of Eden model in strip geometry with fixed system size. We have computed power spectra and global width function in order to obtain the roughness and growth exponents, respectively. Scaling function has been found from the power spectra collapse (Figure 1) . We have recovered the well known exponents [3, 4] , β = 0.33, α = 0.5 and z = 1.5 . 
Increasing strip eden model
We have performed numerical simulations of growing strip Eden model for different values of the system size exponent, from a = 0.05 to a = 1.2, and for different initial seed lengths, from L 0 = 4 to L 0 = 256. Figure 2 shows the evolution of W (L, h) with a = 0.2 for four values of L 0 : from top to bottom, 128, 64, 32, 16 and 8. It can be seen as an initial power law with a slope m 1 =0.33 = β (solid line is a guide for the eye). However, beyond the crossover, the roughness cannot saturate because the system size keeps on growing and a new power law can be fitted with slope m 2 =0.1. As can be observed, the crossover, h x , depends on the initial system size. We have studied this dependence for several L 0 values and we have observed a power law as h x ∼ L 
This behavior can only be observed if aα < β, i.e., a < 1/z. Again, this result can be obtained taking into account the dependence of L on h. All these observations allow us to write down a modification of the standard FamilyVicsek dynamic scaling to consider interfaces whose system size is increasing with time, where the scaling function f (v) must be:
Note that when a = 0, i.e., when the system size is fixed, the Family-Vicsek scaling ansatz is recovered . In order to verify this ansatz we have proceeded to collapse the W (L 0 , h) curves. Figure 3 shows the collapse of the curves of Figure 2 for a = 0.2 with this modified ansatz using α = 0.6, z = 1.5 and a = 0.2. The collapse shows all curves falling onto a single one. Solid and dashed lines are plotted as a guide to the eye with slopes 0.34 and 0.1, for v < 1 and v > 1, respectively. These values agree with the expected exponent values of the universal scaling function f (v) (Eq. (5)). Similar collapses have been made for clusters with a system size exponent a < 1/z 0.7.
We have also studied the power spectrum of the interface fluctuations. We have fitted a power law with slope −(2α + 1) = −2.0 ± 0. different system size exponents, a, and different initial system size, L 0 . Figure 4 shows the collapse of power spectra using generic scaling hypothesis [10] , for different values of h (squares h = 8.9, circles 28.2, triangles 89 and stars 282) with a system size exponent a = 0.3. The collapse has been performed with exponents z = 3/2 and α = 0.5. As expected we have found two regions: the first one shows a power law with 2α + 1 = 1.8±0.2, and in the second one all curves fall onto a plateau. This behavior verify the self-consistency of the collapse. This value of α agrees with the expected one within error bands.
Circular eden model
In circular patterns we have found similar behavior. Figure 5 shows the evolution of the global width function for circular clusters versus average radius (h ∼ r). For r < 1000 a power law can be fitted with an exponent β = 0.40 ± 0.03. At large radius, r > 1000, for circular clusters grown over a square lattice, a crossover comes out. Several authors [12, 13] this increase in the exponent is the lattice anisotropy effect and the origin of the reference system [14] . In this figure, we show two insets that represent cluster interfaces (r vs. θ) in two different regions: Left inset (r < 1000) does not show any characteristic length scale. Right inset (r > 1000) presents an envelope over fluctuations with four maxima. We have subtracted this envelope from the fluctuations several times. The corrected global width (without any average) is shown as stars in Figure 5 . It suggests that without anisotropy effects the evolution of W (h) would follow a unique power law regime with slope m 1 0.4. As mentioned earlier for increasing strip clusters with a > 1/z, the universal scaling function shows only one power-law behavior. So, the collapse of the global width function is meaningless.
In Figure 5 we have also plotted the evolution of global width in increasing strip Eden model for a = 1.0, squares in this figure, starting with a system size L 0 = 8. This evolution is the same as shown by circular clusters. When the system size is growing faster than the correlation length, i.e., with an exponent a > 1/z, the evolution does not show the two regimes but a unique power law with m 2 = m 1 = 0.39 ± 0.04. Note that L 0 = 8 should exhibit the crossover at short time.
As was the case in strip geometry we have tried to collapse the power spectrum of the fluctuations of these patterns in order to obtain the universal scaling function. However, due to the small number of points in the power spectrum for short wavenumbers it is very difficult to obtain a good collapse.
Discussion and conclusions
In summary, we have performed a complete study of Eden model in increasing linear geometry. We have presented a new dynamic scaling ansatz for the global width function valid for systems whose size is increasing in time. This hypothesis must be used in the case when systems size is increasing in time, for example, in many biological problems like cancer tumors and vegetable callus [15, 16] .
On the other hand, for a > 1/z, global width function only presents a robust power law with a unique exponent. It is worth noting that circular clusters fluctuations will never reach the crossover. This result is extended to any discrete model or experiment whose system size increases faster than the correlation length.
In conclusion, dynamic behavior of fluctuations in increasing systems cannot be explained in the framework of classic Family-Vicsek hypothesis. The dynamics of these interface fluctuations could be understood in terms of competition of two influences: system size growth and roughness growth.
